The aeolian Red Clay sequence in the central part of the Chinese Loess Plateau was investigated in an attempt to obtain magnetostratigraphic and palaeoclimatic records. From the results, we deduce that aeolian dust accumulation and the related East Asia palaeomonsoon system began at least 7.6 Myr ago, and that the Tibetan Plateau had reached a significant elevation by that time. The Late Tertiary palaeoclimatic history of the Red Clay as reflected by magnetic susceptibility is reconstructed for the time period 7.6-2.5 Ma. Increases in aeolian dust accumulation for the last 7.6 Myr appear to have a close relation with the uplift processes of the Tibetan Plateau. The remarkable increase of aeolian dust accumulation beginning at 3.2 Ma appears to reflect the influence of an increasing global ice volume on the East Asian monsoon and aeolian dust accumulation.
. However, the chronological control (1923) , who discovered Hipparion in Red Clay strata in the was poor in previous investigations. This paper presents southern region of the Loess Plateau, and the work of Austrian detailed magnetostratigraphic data and palaeoclimatic scientist Zdansky (1923) , who carried out a geological survey interpretations for the aeolian Red Clay sequences found of the Red Clay stratigraphy in the northern region of the within the Chinese Loess Plateau, and makes a significant Loess Plateau, many investigations have been made of the contribution to the geochronology of these sequences. stratigraphy, pedology, mammal fossil assemblages and the The Red Clay over the Loess Plateau has a thickness of origin of the Red Clay in the Chinese Loess Plateau. Using several tens of metres, with colours ranging from light to dark the increasing amount of Red Clay data, it has been possible red, and contains carbonate layers. In most profiles, interbedover recent years to recognize the aeolian origin of the Red ded palaeosols and 'red loess' can be recognized, which probClay material (Zhao 1989; Liu et al. 1989;  ably implies that the palaeoclimatic history during the late Cheng et al. 1991; Zheng, Zhisheng & Shaw 1992; Yuan 1993;  Tertiary period was characterized by the alternating domiZhang & Xue 1995). Some authors have clearly stated that nation of winter and summer monsoons. Pedogenesis of the the Red Clay can be regarded as a product of the East Asian Red Clay becomes gradually stronger from west to east and monsoon climate with clear seasonality because of the presence from north to south over the Loess Plateau. Hipparion fossils of characteristic aeolian dust, palaeosol and carbonate layers, have been discovered in the Red Clay strata at many sites all of which are general characteristics of the monsoonal record across the Loess Plateau (e.g. Qiu, Huang & Guo 1987) . of the Chinese loess-palaeosol sequence . Therefore, it is clear that aeolian dust accumulation on the Chinese loess Plateau is not limited to the last 2.5 Myr.
STRATIGRAPHY AND SAMPLING Similarly, it is possible that the East Asian monsoon system
The Red Clay section chosen for this investigation lies 20 km that has been controlling the aeolian sequence was developing east of the city of Xifeng (107°58∞E, 35°53∞N), Gansu Province before the Pleistocene. This implies that the initiation of the (Fig. 1) . The late Tertiary Red Clay lies on a base of lacustrine aeolian Red Clay sequence is an important climatic boundary sediment and is overlain by the complete Quaternary loessfor the evolution of the East Asian monsoon and consequently aeolian dust accumulation. Furthermore, it has been demonpalaeosol sequence, of which the magnetic stratigraphy has becomes relatively stable and the vector trends to the origin on the orthogonal plot. We suggest that this mid-temperature component records a direction corresponding to the palaeomagnetic field when the samples became magnetized. The magnetic susceptibility of oven-dried samples (at 40°C) was measured using a Bartington Instruments Meter and MS2B dual-frequency sensor. Here, we only report susceptibility measurements obtained at the lower frequency (0.46 kHz).
RESULTS
The stratigraphic column, inclination, declination and magnetostratigraphy for the Red Clay section of Xifeng are shown in Fig. 3 . The magnetic polarity timescale (MPTS) of Cande & Kent (1995) is shown on the right side of the figure. We correlate the magnetostratigraphy of the Xifeng Red Clay section with the MPTS as follows: the uppermost interval of reversed polarity above 178.2 m belongs to the Matuyama Chron. The interval 178.2-196.5 m shows mostly normal polarity and belongs to the Gauss Chron, within which there are the two reversed-polarity events, corresponding to the Kaena and Mammoth events, respectively. From 196.5 to 217.7 m polarity is mostly reversed and correlates with the Gilbert Chron. Within that zone there are four normal-polarity been described previously (Liu et al. 1988) . The Red Clay sequence has a thickness of 50 m, and its colour varies from events, which is fairly consistent with the magnetochronology of Cande & Kent (1995) . We suggest that the three normallight red to red. The Red Clay composition clearly indicates significant pedogenesis, including 18 carbonate layers which polarity intervals of 217.7-220, 222.1-222.9 and 224-225 m correspond to Chrons 3An1n, 3An2n and 3Bn, respectively. developed within the Red Clay sequence; the thickness of the carbonate layers ranges from 0.2 to 1 m. It should be noted
The reversed polarity of 225-226.4 m is correlated to 3Br. This correlation implies that the relatively short polarity intervals that not every carbonate layer is associated with a palaeosol, and that some palaeosols do not have carbonate layers. The of Chrons 3Br.1n and 3Br.2n are not resolved in our record. However, our correlation of the normal-polarity interval below lacustrine strata beneath the Red Clay are grey-yellow to grey in colour. Several carbonate layers and clay layers are also #226 m with Chron 4n is supported by extrapolating the sedimentation rate calculated for the upper part of the section found within the fluvial-lacustrine sediments, of which the outcrop thickness is about 8 m. 590 orientated block samples where the correlation of our magnetostratigraphic data with the geomagnetic polarity timescale is unambiguous. The lowest with a sample spacing of 10 cm and 1200 powder samples with a sample spacing of 5 cm were collected from 2 m above the loess unit and all of the lacustrine samples below the Red Clay sequence show normal polarity. Wucheng Loess/Red clay boundary, through the entire Red Clay sequence, down to the fluvial-lacustrine strata.
With regard to the location of the Matuyama/Gauss (M/G) boundary in relation to the top of the Red Clay, it is clear that at Xifeng this boundary lies 2 m below the top of the Red LABORATORY MEASUREMENTS AND Clay. However, at Baoji it has been reported that the M/G DATA INTERPRETATION boundary lies 1 m above the top of the Red Clay (Rutter et al. 1990 ). This apparent discrepancy results from the different Oriented block samples were cut into 2 cm cubes. Two parallel cubes were produced from every block sample position for lithostratigraphic criteria used by different workers for recognizing Red Clay and overlying loess. Comparison of magnetic palaeomagnetic measurements. After the magnetic susceptibility and the sample mass were measured, all samples were susceptibility records from the two sites demonstrates that the M/G boundary in fact occupies the same stratigraphic position. demagnetized in a Magnetic Measurements MMTD1 Thermal Demagnetiser. The natural remanent magnetization (NRM) of By correlating the magnetostratigraphy of the whole section with the independently dated palaeomagnetic record (Cande the samples was subsequently measured using a Cryogenic Magnetometer for Natural Remanent Magnetization (NRM) & Kent 1995) we can establish a timescale for the Red Clay sequence. Between magnetic reversal horizons our timescale is from room temperature to 500°or 600°C in 50°steps. Both the demagnetizer and NRM measurement systems were determined by linear interpolation. Similarly, the top and bottom ages of the Red Clay strata can be calculated by mounted in a Magnetic Measurements low-field cage.
Representative demagnetization diagrams for normal and extrapolation using the accumulation rate of the strata near the top or bottom layer of the Red Clay. Consequently, the reversed samples are shown in Fig. 2 . Typically the diagrams show the presence of two components. The first is unblocked timescale of the Red Clay stratigraphy can be obtained, and the basal age of the Red Clay strata of the Xifeng section is at low temperatures, generally ranging upwards from room temperature to 250°C, and occasionally reaching 300°C. The estimated at 7.6 Ma. Our magnetostratigraphic dating of the Red Clay when direction of this component is consistent with the present-day field, and is considered to represent viscous overprinting. On combined with that of the overlying loess-palaeosol sequence (Liu et al. 1988 ) enables us to estimate the aeolian sedimenremoval of the low-temperature component, the direction tation rate for the interval #0-7.5 Ma at Xifeng (Fig. 4) . The of the Red Clay sequence probably marks the beginning of aeolian silt accumulation and the development of the modern aeolian sedimentation rate shows roughly constant values of #1 cm ka−1 from #7.5-3.2 Ma, and shows a trend of sharply East Asian monsoon system. The evolution of the East Asian monsoon is closely related increasing values thereafter.
The magnetic susceptibility of the Xifeng Red Clay sequence to the uplift of the Tibetan Plateau. It has been well documented that uplift of the Tibetan Plateau is the main factor (Fig. 5) (Li 1985) . Fluvial-lacustrine environments were replaced by dry desert, and loess was subsequently DISCUSSION deposited on the Chinese Loess Plateau. Climate modelling demonstrates that annual precipitation in the interior Asian It has been demonstrated that the Quaternary loess-palaeosol sequence of the Loess Plateau is the product of variations in continent was reduced by up to 25 per cent and soil moisture was reduced by up to 50 per cent due to the Tibetan uplift the East Asian monsoon system, and that the magnetic susceptibility can be interpreted as a proxy index of the summer from a no-mountain elevation to the present elevation (Kutzbach et al. 1993) . It has also been demonstrated that the monsoon strength, while the accumulation rate and grain size of the aeolian dust reflect the aridity of aeolian dust source shifting of the central Siberian High (which is the controlling climatic influence on the East Asian winter monsoon) from areas and hence are indicators of the strength of the winter monsoon . The same principles of interpretation 30°N (above central Tibet) to 50°N (present position) (Ruddiman & Kutzbach 1989) provided the forcing for aeolian can be applied to the aeolian Red Clay loess because it has the same origin as the Quaternary loess. The magnetic susceptiloess deposition in the Chinese Loess Plateau. Therefore, the appearance of aeolian sediments in the main part of the Loess bility and the aeolian dust accumulation rate of the Red Clay sequence can be interpreted as summer and winter monsoon Plateau, which marks the significant drying of the central Asian continent, implies that the Tibetan Plateau had probably indices, respectively, for the Loess Plateau during the late Tertiary. Our results suggest that aeolian dust accumulation reached a critical elevation to modify the atmospheric circulation of East Asia at about 7.6 Ma. This is roughly consistent and the East Asia monsoon began to develop by at least 7.6 Ma in the central part of the Loess Plateau area. Xifeng is with the Indian monsoon record (Prell & Kutzbach 1992) . Uplift of the Tibetan Plateau is demonstrated to be the located in the central part of the Loess Plateau. It preserves the complete aeolian sequence and has a comparable stratigramain cause of the strengthening of the Asian summer monsoon in the late Tertiary. Results from numerical modelling demonphy to the Tertiary aeolian Red Clay sequence at Luochuan and Xian. Therefore, it can be assumed that the 7.6 Ma base strate that the summer monsoon strengthened significantly the Chinese Loess Plateau (Ramstein et al. 1997) . These modelling results are consistent with palaeovegetation data from the area (Li 1985) . The climatic mechanism involved in the strengthening of the East Asian summer monsoon in China through the uplift of the Tibetan Plateau has been expounded by several investigations (Ye & Gao 1979; Cheng et al. 1991) . Therefore, the history of the summer monsoon reflects the uplift process of the Tibetan Plateau. It can been seen from Fig. 6 that the magnetic susceptibility record shows an overall trend of increasing values from the bottom to the top of the Red Clay sequence, superimposed on which are a series of distinct peaks. We interpret the onset of these peaks as representing times when the summer monsoon bility values are likely to reflect the stepwise uplift process of the Tibet Plateau.
The important influence of the global ice volume on the East Asian winter monsoon as well as on aeolian accumulation (3) Stepwise increases of magnetic susceptibility values on the Chinese loess plateau has been revealed both by probably reflect the stepwise uplift process of the Tibetan geological records and by present-day climate Plateau. Climatic fluctuations reflected by the susceptibility processes (Cheng 1991) . The aeolian dust accumulation rate curves show a strong 1 Myr quasi-cycle which coincides with increased significantly at 3.2 Ma, which coincides with the time the tectonic cycle of the Tibetan uplift suggested by Wu of fast growth of the global ice volume, particularly that of the et al. (1992) . Northern Hemisphere (Shackleton et al. 1995) .
(4) The aeolian dust accumulation rate increased significantly at 3.2 Ma and is interpreted to be the result of increased CONCLUSIONS global ice volume (Shackleton et al. 1995) . (1) Our magnetostratigraphic results make a significant contribution to refining the chronology of Red Clay accumu-ACKNOWLEDGMENTS lation on the Loess Plateau.
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